Abstract Multiple sclerosis (MS) pathology is characterized by neuroinflammation and demyelination. Recently, the inflammatory molecule S100B was identified in cerebrospinal fluid (CSF) and serum of MS patients. Although seen as an astrogliosis marker, lower/physiological levels of S100B are involved in oligodendrocyte differentiation/maturation. Nevertheless, increased S100B levels released upon injury may induce glial reactivity and oligodendrocyte demise, exacerbating tissue damage during an MS episode or delaying the following remyelination. Here, we aimed to unravel the functional role of S100B in the pathogenesis of MS. Elevated S100B levels were detected in the CSF of relapsing-remitting MS patients at diagnosis. Active demyelinating MS lesions showed increased expression of S100B and its receptor, the receptor for advanced glycation end products (RAGE), in the lesion area, while chronic active lesions displayed increased S100B in demyelinated areas with lower expression of RAGE in the rim. Interestingly, reactive astrocytes were identified as the predominant cellular source of S100B, whereas RAGE was expressed by activated microglia/macrophages. Using an ex vivo demyelinating model, cerebral organotypic slice cultures treated with lysophosphatidylcholine (LPC), we observed a marked elevation of S100B upon demyelination, which co-localized mostly with astrocytes. Inhibition of S100B action using a directed antibody reduced LPC-induced demyelination, prevented astrocyte reactivity and abrogated the expression of inflammatory and inflammasome-related molecules. Overall, high S100B expression in MS patient samples suggests its usefulness as a diagnostic biomarker for MS, while the beneficial outcome of its inhibition in our demyelinating model indicates S100B as an emerging therapeutic target in MS.
Introduction
Multiple sclerosis (MS) is a primary inflammatory demyelinating autoimmune disorder of the central nervous system (CNS) affecting mainly young people aged between 20 and 40 years at disease onset. In early stages of the disease, it is characterized by infiltration and activation of T cells and accumulation of monocyte-derived macrophages, which promote destruction of the myelin sheath leading to the formation of focal demyelinated lesions [1] .
Diagnosis and follow-up in MS are usually based on assessment of clinical symptoms, in particular the presentation Electronic supplementary material The online version of this article (doi:10.1007/s12035-015-9336-6) contains supplementary material, which is available to authorized users.
of relapses, and supported by magnetic resonance imaging (MRI). A disadvantage of MRI is its lack of specificity for a particular MS hallmark, as the detected lesions can be due to oedema, inflammation, gliosis, demyelination or axonal loss. In addition, current medical treatment aimed at delaying disease progression mainly targets the immune system. In this context, it is important to identify novel biomarkers for MS diagnosis and progression, as well as new therapeutic targets to reduce damage and improve disease recovery. S100B is a small Ca
2+
-binding protein member of the S100 family, which is mostly expressed by astrocytes, a small subset of oligodendrocytes and certain neuronal subpopulations [2, 3] . S100B exerts both intracellular and extracellular functions. Intracellularly, S100B acts as a signalling molecule, promoting neuronal proliferation, oligodendrocyte differentiation and assembly of cytoskeleton components important for maintaining astrocyte morphology, while facilitating astrocyte and microglia migration [4] . Interestingly, regarding extracellular functions, S100B can either act as a neurotrophic or neurotoxic molecule, depending on the concentration attained. At low and physiological concentrations (nanomolar), S100B is thought to promote neurite extension and neuronal survival during development, enhance astrocytic proliferation, and favour microglia chemotactic ability and quiescence [5] [6] [7] [8] .
Under stress conditions, namely, traumatic brain injury [9] or CNS infection [10] , S100B reaches concentrations in the micromolar range and exerts neurotoxic effects [11] . These effects include microglial and astrocyte activation, with release of inflammatory and oxidative stress mediators [12] , which contribute to neuronal death [12, 13] . Both trophic and toxic effects of extracellular S100B are mediated in the brain by its binding to the receptor for advanced glycation end products (RAGE) [14] .
Augmented S100B levels were first detected in cerebrospinal fluid (CSF) of MS patients in the acute phase [15] . More recently, Petzold and collaborators showed the presence of S100B in acute lesions of post-mortem brain tissue of patients with relapsing-remitting multiple sclerosis (RRMS) [16] , while it was shown to be increased in CSF [17] or serum of MS patients, decreasing after immunosuppressive [18] or natalizumab [19] therapies. However, no further studies clarified the role of S100B and its receptor RAGE in different stages of MS lesions or on disease progression.
So, here, we aimed to evaluate the contribution of S100B as a biomarker of MS diagnosis and as a determinant of demyelination or delayed remyelination. Our findings in human CSF samples from RRMS patients showed a significant increase of S100B production at the time of diagnosis that was corroborated by a slight S100B increase in respective serum samples. Moreover, we showed that S100B is highly upregulated in active and chronic active MS lesions mainly in astrocytes. Enhanced expression of S100B receptor RAGE was predominantly observed in macrophages/microglia in active lesions. Using an ex vivo demyelinating model, we demonstrate that S100B is highly expressed and released upon demyelination, in parallel with activation of astrocytes and microglia as well as upregulation of pro-inflammatory cytokine and inflammasome-related gene expression. Interestingly, neutralization of extracellular S100B prevented demyelination, decreased reactive gliosis and abrogated expression of key pro-inflammatory factors. Overall, our data demonstrate that S100B expression is altered in MS patients, that the protein is involved in demyelination mechanisms and is crucial for the inflammatory milieu, which can be important for the design of new therapeutic strategies to reduce damage or promote tissue repair following MS episodes.
Material and Methods

CSF and Serum Samples
Patients with RRMS (all fulfilling revised McDonald 2005 criteria) were recruited at Hospital de Braga. The study was approved by the local ethics committee (CESHB) and the national authority for data protection (CNPD), and all participants gave written informed consent before inclusion. In this study, we included eleven patients at the time of diagnosis of RRMS and eleven controls (non-inflammatory/inflammatory neurological disorders). Detailed clinical data of MS patients and controls are summarized in Table 1 . Between 3 and 5 mL of CSF were collected by lumbar puncture, and the first 2 mL were discarded/ used for clinical purposes, while the remaining was kept refrigerated until aliquoted and stored at −80°C within 2 h of collection. Blood was also collected at the time of lumbar punctures, from a peripheral vein directly to serum tubes (4 mL). After clotting at room temperature, the serum NA25  38  F  RRMS 60  21  F  NA31  39  M  RRMS 61  26  M  NA36  44  M  RRMS 80  47  M   NA58  59  F  RRMS 82  27  F   NA63  74  M  RRMS 92  39  M  NA65  84  F  RRMS 104  25  F   NA69  20  F  RRMS 107  48  F  NA78  30  M  RRMS 109  38  F   NA105  69  F  RRMS 114  23  M M male, F female supernatant was also aliquoted (within 2 h of collection) and stored at −80°C until further use.
S100B Determination
Determination of S100B concentration was performed by inhouse enzyme-linked immunosorbent assay (ELISA) as usual in our laboratory [20] . Briefly, CSF and serum samples were incubated for 2 h at 37°C on a 96-well plate previously coated with a monoclonal anti-S100B antibody (1:1000, Sigma-Aldrich, St. Louis, MO, USA). Thereafter, a polyclonal anti-S100B antibody (1:5000, DAKO, Glostrup, Denmark) was added and samples additionally incubated for 30 min at 37°C. Finally, an anti-rabbit peroxidase-conjugated antibody (1:5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added for further 30 min at 37°C. The colorimetric reaction with Sigma Fast OPD tablets® (Sigma-Aldrich) was measured at 492 nm in a microplate absorbance spectrophotometer.
Brain Tissue
Brain tissue was obtained in collaboration with the Department of Pathology, VU University Medical Center Amsterdam and the Netherlands Brain Bank, Amsterdam, the Netherlands. For immunohistochemical analysis, we selected brain samples from nine MS patients and two non-neurological controls, which were carefully matched for age, sex, and port-mortem delay. The Netherlands Brain Bank received permission to perform autopsies for the use of tissue and for access to medical records for research purposes from the ethics committee of the VU Medical Center (Amsterdam, the Netherlands). Tissue samples from control cases were taken from the subcortical white matter or corpus callosum. MS tissue samples were selected on the basis of post-mortem MRI and lesions were classified according to standard histopathological criteria as previously published [21] . Based on this classification, six active and six chronic active lesions were identified. Detailed clinical data of MS patients and controls are summarized in Table 2 . Immediately after excision, tissue was fixed in formaldehyde and snapfrozen in liquid nitrogen for immunohistochemistry. The study was approved by the institutional ethics review board (VU University Medical Center, Amsterdam, the Netherlands), and all donors or their next of kin provided written informed consent from brain autopsy, use of material and clinical information for research purposes.
Immunohistochemistry
Frozen sections were stained as previously described [22, 23] . In short, 5-μm-thick cryosections were collected on Superfrost Plus glass slides, defrosted at room temperature and fixed in acetone for 10 min. After fixation and blocking 
Immunofluorescence
To reveal the cellular localization of S100B and RAGE, immunofluorescent double labelling was performed as described before [23] . Sections were incubated for 30 min in PBS containing 1 % BSA, 0.05 % Tween-20 and 10 % normal goat serum. The sections were then incubated with glial fibrillary acidic protein (GFAP; 1:2000, Chemicon, Temecula, CA, USA) and S100B (1:3500) or LN3 (1:500) and RAGE (1:100) overnight at 4°C. The next day, sections were incubated with secondary antibodies for 1 h at room temperature. To reduce autofluorescence, sections were counterstained with Sudan Black (0.3 % in ethanol 70 %; Sigma). Finally, sections 
Ex vivo model of demyelination
To study the role of S100B during a demyelinating event, we used cerebellar organotypic slice cultures treated with lysophosphatidylcholine (LPC) as previously described [24] . Parasagittal slices were obtained from cerebellum of CD1 mouse pups at post-natal day 10. Briefly, brains were removed, cerebellum and attached hindbrain were isolated in PBS, and 400-μm slices were obtained using a McIlwain tissue chopper and kept in an air-liquid interface system. Separated slices were placed in the upper chamber of a 0.4-μm pore cell culture (BD Falcon, Lincoln Park, NJ, USA) in a number of four slices per insert. Cell culture inserts were maintained in six-well cell culture plates containing 1 mL of medium in the plate well at a 37°C and 5 % CO 2 conditioned atmosphere. Slice culture media consisted of 50 % minimal essential media (MEM, Gibco, Life Technologies, Inc., Grand Island, USA), 25 % heat-inactivated horse serum (Gibco), 25 % Earl's balanced salt solution (Gibco), 6.5 mg/mL glucose, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Biochrom AG, Berlin, Germany), and 1 % of both L -glutamine (Sigma-Aldrich) and penicillin/ streptomycin (Sigma-Aldrich). After 3 days in vitro (DIV), slice culture media were totally replaced by a serum-free medium consisting of 98 % Neurobasal-A (Gibco) and 2 % B-27 (Gibco), supplemented with 2 mM L-glutamine, 36 mM glucose, 1% U/mL penicillin/streptomycin and 25 mM HEPES. Half media were replaced every day and slices were maintained for 7 DIV before treatment, to allow myelination and the clearance of debris. Following 7 DIV, slices were exposed to a demyelinating insult with LPC (0.5 mg/mL in serum-free culture media). Following 18-h treatment with LPC, slices were transferred to serum-free media in which cultures were maintained up to 48 h [24, 25] .
In parallel experiments, to ascertain S100B role on demyelination and glial reactivity, slices were incubated with LPC in the presence or absence of anti-S100B antibody (1:1000, Abcam). Additionally, slices were also treated with a nonspecific antibody, a goat anti-rabbit secondary antibody, in the presence of LPC to confirm whether the presence of an isotype would change LPC-induced response. Supernatants were collected before and after LPC treatment. Slices were collected at 9 DIV (48 h post-LPC) and either stored in TRIzol® reagent at −20°C for RNA extraction or fixed in 4 % paraformaldehyde in PBS for 1 h, rinsed in PBS and stored in PBS at 4°C for immunohistochemistry assays.
Semi-quantitative RT-PCR
Total RNA was extracted from 9-DIV slices using the TRIzol® reagent (Invitrogen) method, according to the manufacturer's instructions. RNA concentration was quantified using NanoDrop ND-100 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Aliquots of 500 ng of total RNA were reversely transcribed into complementary DNA (cDNA) using the RivertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, MA, USA), under the recommended conditions. Quantitative RT-PCR (qRT-PCR) was performed using β-actin as an endogenous control to normalize the expression level of S100B, myelin basic protein (MBP), PLP, first-line cytokines: tumour necrosis factor (TNF)-α; interleukin (IL)-1β and IL-6; and inflammasome-related molecules: IL-18, high-mobility group box protein 1 (HMGB1) and NLRP3. The sequences used as primers are listed in the Table 3 . qRT-PCR was performed on a real-time PCR detection system (Applied Biosystems 7300 Fast Real-Time PCR System, Applied Biosystems, Madrid, Spain) using an SYBR Green qPCR Master Mix (Thermo Fisher Scientific). The PCR was performed in eight-well strips with each sample performed in duplicate, and a no-template control was included for each amplification product. qRT-PCR was performed under optimized conditions: 50°C for 2 min, 95°C for 10 min followed by 40 cycles at 95°C for 15 s and 62°C for 1 min. To verify the specificity of the amplification, a melt-curve analysis was performed, immediately after the amplification protocol (95°C for 15 s, followed by 60°C for 30 s and 95°C for 15 s). Non-specific products of PCR were not detected in any case. Relative messenger RNA (mRNA) concentrations were calculated using the Pfaffl modification of the ΔΔC T equation [cycle number at which fluorescence passes the threshold level of detection (C T )], taking into account the efficiency values of individual genes. The results were normalized to the housekeeping gene β-actin in the same sample and the initial amount of the template of each trial was determined as relative expression by the formula 2 −ΔΔCT . ΔC T is the value obtained, for each sample, by performing the difference between the mean C T value of each gene of interest and the mean C T value of β-actin. ΔΔC T of one sample is the difference between its ΔC T value and the ΔC T of the sample chosen as reference.
Immunostaining Procedure
After fixation, membranes containing tissue sections were cut from cell culture insert and incubated with blocking solution (1 nM HEPES, 2 % heat-inactivated horse serum, 10 % heatinactivated goat serum, 1 % BSA and 0.25 % Triton X-100 in Hank's balanced salt solution) for 3 h at room temperature. The sections were then incubated with primary antibodies diluted in blocking solution for 24 h at 4°C. The following antibodies were used: neurofilament medium (NF-200, 1:200, Novocastra, Wetzlar, Germany) for neuronal axons, NG2 (1:50, Merck Millipore) for oligodendrocyte precursor cells, MBP (1:50, Serotec) for mature OLs, GFAP (1:100, Novocastra) for astrocytes, ionized calcium-binding adapter molecule 1 (Iba-1, 1:250, WAKO) for microglia and S100B (1:500, Abcam). Then, slices were washed for three times for 15 min each with PBS with 0.01 % Triton X-100 (PBS-T) before incubation for another 24 h at 4°C with secondary antibody in blocking solution. Slices were washed for three times for 15 min each with PBS-T, incubated 3 min with DAPI (1:1000), washed for three times for 15 min each with PBS-T and mounted using Fluoromount-G (Southern Biotech, Birmingham, AL, USA) for confocal microscopy. The percentage of the area immunoreactive for each antibody was measured in images captured using a ×20/1.2 (zoom) lens on a Confocal Point Scanning Microscope Zeiss LSM 510 META (Zeiss, Germany). Binary masks were defined using a cut-off intensity threshold value for each region of interest, which corresponds to a minimum intensity due to specific staining above background values. Then, the percentage of the area occupied by NF-200, MBP, GFAP, Iba-1 and S100B was measured automatically using ImageJ software in each cerebellum region. Regarding myelination, the percentage of myelinated fibres was obtained by the ratio between the area of co-localization of NF-200 and MBP and the total area occupied by NF-200. Results are given by averaging values determined in the separate microscopic fields from slices of different animals.
Statistical Analysis
All results are presented as mean±SEM. The difference between control and RRMS patient samples was determined by the Mann-Whitney test, while differences in slice cultures were analyzed by the two-tailed t test performed on the basis of equal and unequal variance or by one-way ANOVA with Tukey post-test, using GraphPad PRISM 5.0 (GraphPad Software, San Diego, CA, USA), as appropriate. The P values of P<0.05, P<0.01 and P<0.001 were considered as being statistically significant.
Results
S100B Levels in the CSF and Serum of RRMS Patients Are Increased at the Time of Diagnosis
We first assessed S100B levels in CSF and serum samples of RRMS patients (n=11) at the time of diagnosis and controls (n=13) by ELISA. As depicted in Fig. 1 , S100B concentrations were markedly increased in the CSF of MS patients at time of diagnosis of RRMS when compared with controls (1.66 vs. 0.77 ng/L, P<0.01). Although in a smaller magnitude, S100B levels were also elevated in the serum of the same patients (1.51 vs. 1.25 ng/L, P<0.05), which corroborates previous findings [16, 18] , showing that S100B may be a potential diagnosis biomarker of MS.
S100B and RAGE Expression in Human Control Brain and Normal-Appearing White Matter
S100B is known to be increased in homogenates of MS lesions [16] ; however, the cellular source of S100B is unknown. Hence, we decided to evaluate S100B and its receptor RAGE expression in brain samples of MS patients and controls. S100B was barely detectable in normal-appearing white matter (NAWM), while RAGE immunoreactivity was predominantly localized to nuclei of glial cells (Supplementary Fig. 1 ). No differences were observed comparing the expression of S100B and RAGE in NAWM with control white matter samples (data not shown). 
S100B and RAGE Expression in MS Lesions
Active demyelinating MS lesions are characterized by loss of myelin and abundant PLP-positive macrophages. S100B expression was markedly increased in demyelinated white matter regions (Fig. 2a ) and localized to cell bodies and processes of reactive astrocyte-like cells (Fig. 2b) . Astroglial source of S100B was further confirmed with double immunofluorescence labelling for S100B (green) and an astrocytic marker, GFAP (red) (inset in Fig. 2b-S100B ). RAGE expression was also strikingly increased in active white matter lesions (Fig. 2a) and mainly localized to macrophages and activated microglia (Fig. 2b) , which was confirmed by double immunofluorescence labelling for RAGE (green) and LN3 (red) (inset in Fig 2b-RAGE) . Analysis of chronic active MS lesions is characterized by a demyelinated lesion centre devoid of immune cells and a rim of activated microglia and macrophages. S100B expression was increased throughout the demyelinated areas (Fig. 3a) . S100B diffuse staining resembles the morphology of astrocyte processes that constitute the gliotic scar tissue in the lesion centre (Fig. 3b) . Conversely, RAGE was weakly expressed by a few cells in the rim but virtually absent in the inactive hypocellular centre (Fig. 3a, b) .
Ex vivo Demyelinating Model Shows a Marked Overexpression and Release of S100B Following the Demyelination Insult
As we observed abnormal levels of S100B in CSF and serum of MS patients and in MS lesion samples, we decided to explore whether S100B was differentially expressed and Insets show the co-localization of (I) glial fibrillary acidic protein (GFAP, red), an astrocytic marker, with S100B (green) and the co-localization of (II) LN3 (red), a marker of activated microglia/macrophages with RAGE (green). Magnification ×63
secreted upon a demyelinating event. First, we examined if S100B was being expressed in our model of demyelination. In this context, the levels of S100B protein released to the extracellular space were quantified in slices or incubation media collected before the demyelination with LPC (0 h), immediately after the LPC stimulus of 18 h, and at 48 h, i.e. after 30 h of recovery, by ELISA. As shown in Fig. 4a , a striking increase in the release of S100B occurred upon 18 h of LPC incubation (20.8-fold vs. control, P<0.001), which was maintained at 48 h (12.3-fold vs. control, P<0.001). In addition, determination of S100B mRNA expression in the slices at 48 h, by qRT-PCR, revealed that there was a significant increase of S100B expression (3.51-fold vs. control, P<0.01) even after 30 h of recovery post-LPC treatment, thus suggesting that S100B is continuously induced by events resulting from the demyelinating insult (Fig. 4b) .
S100B Is Mainly Released by Astrocytes Following LPC Demyelination
Knowing that S100B is mainly expressed by astrocytes in active MS lesions and that it is overexpressed and released to the extracellular space in our ex vivo demyelinating model, we further assessed the cellular origin of S100B in our experimental model. For this end, we performed double immunofluorescence to determine the cellular localization of S100B. Here, slices were double immunostained with antibodies against S100B and specific cellular markers (NF-200, GFAP or MBP). As shown in Fig. 5 , S100B clearly co-localized with GFAP-positive astrocytes in control samples. Upon LPC treatment, co-localization of S100B with GFAP is the most prevalent, although we could observe some co-localization of S100B with MBP-positive structures. These findings corroborate the MS lesion data, indicating that astrocytes are the major producers of S100B under demyelinating circumstances.
Neutralization of S100B Prevents LPC-Induced Demyelination
Knowing that S100B is being overly secreted in response to LPC-induced demyelination, we wanted to understand whether the increase in extracellular S100B could be involved in the demyelination process. First, we measure the amount of NF-200-positive axons to assure that LPC treatment was only affecting oligodendrocytes/myelin without axonal loss. As shown in Fig. 6a , b, the amount of NF-200 did not change following LPC incubation corroborating a specific oligodendrocyte/ myelin toxicity. Next, we evaluated the percentage of myelinated fibres in slices after recovery, which was calculated by the ratio of the area of co-localization of NF-200 and MBP and the area occupied by NF-200 alone. As depicted in Fig. 6a , c, LPC stimulus effectively damaged myelin sheaths, which was corroborated by the decrease observed in the percentage of myelinated fibres (0.60-fold, P<0.01). Interestingly, co-incubation with anti-S100B antibody prevented the demyelination caused by LPC in 55 % (P<0.01). To assure that the use of an antibody did not have any role on the prevention of demyelination, we also evaluated the gene expression of MBP and PLP in cultures treated with a non-specific IgG plus LPC in parallel with the presented incubation scheme. As shown in Supplementary  Fig. 2 , LPC incubation markedly affected MBP and PLP mRNA expression (0.61-fold, P < 0.01, and 0.70-fold, P<0.05, respectively) that was partially prevented by S100B neutralization (59 %, P<0.05, and 37 %, respectively). Coincubation of LPC with IgG did not change MBP and PLP mRNA expression corroborating that the presence of an isotype does not alter LPC-induced response. These findings indicate that S100B plays a role in LPC-dependent demyelination of cerebellar organotypic slice cultures.
Abrogation of S100B Decreases Astroglial Reactivity Induced by Demyelination
Along with myelin degeneration, demyelinating lesions are also characterized by astrocytosis and microgliosis [26, 27] . Regarding this issue and knowing that S100B is mainly secreted by astrocytes and is involved in the activation of both astrocytes and microglia, we decided to evaluate the degree of reactive gliosis in the course of the demyelinating insult with LPC ( Figs. 7 and 8 ). LPC-treated slices evaluated at 48 h showed a marked decrease in the percentage of area occupied by astrocytes (0.4-fold vs. control, P<0.01), as a consequence of reduced extension and number of cellular processes in activated cells (Fig. 7) . Interestingly, when slices were coincubated with the neutralizing S100B antibody, astrocytes retained their more ramified morphology as seen in control slices, increasing the percentage of the area occupied by astrocytes (1.2-fold vs. control), thus suggesting a reduced activated state. Regarding microglia, as shown in Fig. 8 , incubation with LPC markedly increased the area occupied by Iba-1-positive microglia (2.0-fold vs. control, P<0.01), suggesting an increase of microglial number, and changed their morphology to a more amoeboid/activated state. Co-incubation with anti-S100B antibody in the presence of LPC did not attenuate microglial proliferation/activation induced by LPC-mediated demyelination.
Neutralization of S100B Prevents LPC-Induced Gene Expression of First-Line Cytokines and Inflammasome-Associated Components
Along with astrocytic and microglial activation, demyelination is accompanied by exacerbated production of proinflammatory cytokines and an increased production of inflammasome-related proteins [19, 28] . This inflammatory milieu is crucial for determination of lesion extent, immune cell recruitment and ability to remyelinate. Curiously, S100B was reported to promote microglial and astroglial release of IL-1β and TNF-α when present in elevated concentrations [12] , as we have observed here in our demyelinating model. So, we then evaluated gene expression of these inflammatory mediators upon demyelination and in the presence of anti-S100B antibody. As depicted in Fig. 9 , there is still a marked increase in the expression of first-line cytokines TNF-α (2.2-fold vs. control, P<0.01) and IL-1β (6.8-fold vs. control, P < 0.01) and a reduction of IL-6 (0.3-fold vs. control, P<0.01), during the recovery period after LPC insult. Interestingly, when slices exposed to LPC were co-incubated with anti-S100B antibody, the expression of both TNF-α and IL-1β remained similar to control values (P<0.01), while IL-6 inhibition was prevented by~50 % (P<0.01). These results corroborate the induction of a marked inflammatory response upon demyelination induction and suggest that S100B is involved in cytokine release by glial cells.
Inflammasomes are cytosolic protein complexes involved in the maturation and secretion of pro-inflammatory mediators including IL-1β, IL-18 and HMGB1 [28, 29] . More recently, inflammasomes, namely, the NLRP3 inflammasome, have been associated with MS development [28] . Since we have observed such a marked LPC-induced increase of IL-1β and protection in the presence of anti-S100B, we next assessed alterations in gene expression of the other inflammasome- related molecules. As shown in Fig. 10 , LPC-induced demyelination markedly increased IL-18 (10.9-fold vs. control, P<0.01), HMGB1 (14.8-fold vs. control, P<0.01) and NLRP3 (11.0-fold vs. control, P<0.01) gene expression. As observed for cytokine profile, co-incubation of LPC-treated slices with anti-S100B antibody significantly inhibited the LPC-induced expression of HMGB1, IL-18 and NRLP3, in which levels remained similar to control ones (P<0.01). These results clearly indicate that by neutralizing S100B, we can reduce the inflammatory milieu during a demyelinating insult. Moreover, since microglia are the most potent producers of inflammatory cytokines, it is important to note that even if the number of microglia was not altered by S100B neutralization, their phenotype may have shifted from a neurotoxic to a more neuroprotective one.
Discussion
In the present study, we show that S100B levels are significantly increased in CSF and serum samples from MS patients at the time of diagnosis of RRMS and that S100B expression is strikingly upregulated in active and chronic active lesions where it is predominantly localized to reactive astrocytes. Moreover, we observed an increased expression of its receptor RAGE in macrophages/microglia throughout active lesions. Using an experimental demyelinating model, we demonstrated that demyelination induces a marked upregulation and release of S100B protein, in parallel with astrocytosis, microgliosis and enhanced gene expression of key proinflammatory cytokines and NLRP3 inflammasome molecules. Therapeutic antibody-mediated neutralization of S100B prevented LPC-induced demyelination, reactive astrogliosis and cytokine and inflammasome expression. Taken together, our data indicate that S100B is a key element in the inflammatory process of an MS lesion and an interesting therapeutic target.
Firstly, we showed that S100B levels were higher in the CSF and serum of MS patients at the time of diagnosis of RRMS when compared to control patients. Although increased CSF concentrations of S100B were already reported in previous studies in acute phases or during the course of the disease [16, 18, 30, 31] , our study is the first to demonstrate that also at the time of diagnosis, S100B can be viewed as an initial biomarker of MS. These results are also in line with a previous study from Petzold and colleagues demonstrating a significant trend for increasing S100B levels from primary progressive multiple sclerosis (PPMS) to secondary progressive multiple sclerosis (SPMS) to RRMS [16] , suggesting its potential usefulness as a differential biomarker to distinguish between the different types of MS. Additional studies should, however, be performed to evaluate whether different levels of S100B could be associated with different MS stages and therefore be used as a prognostic tool. Moreover, since S100B was recently reported to decrease upon MS treatment with natalizumab but not with interferons, it can be also considered as a biomarker for treatment efficacy. Increased levels of S100B were similarly noticed in situations of acute brain damage including stroke [32] , rapid parenchymal destruction [33] or traumatic brain injury [34] . However, this increase should be distinguished from that observed in progressive diseases, such as MS, where sustained S100B, as detected herein in the chronic MS lesions, might have different roles by modulating the inflammatory response [35, 36] and consequently modify the disease progression by yet unknown mechanisms. Although there are other sources of S100B than the CNS, such as adipose tissue, testis and skin [15, 37, 38] , the elevation of S100B in serum has been associated with blood-brain barrier (BBB) disruption [39] , which is in line with the presence of signs of BBB breakdown in the very early stages of MS [40] .
Petzold and colleagues demonstrated increased levels of S100B in tissue homogenates of distinct lesion types [16] ; however, information on the cellular source of S100B and localization of RAGE in the CNS has been mainly based on immunohistochemical studies using rodent brain samples. Here, we show for the first time that astrocytes in active and chronic active lesions abundantly express S100B. In fact, taking into account rodent data, astrocytes are assumed as the CNS cell type with the highest expression rate of S100B and to constitutively secrete the protein [36, 41] . Concerning S100B receptor RAGE expression, in NAWM the receptor is predominantly found in the nuclei of glial cells, suggesting an immature/inactive state. Mature RAGE, composed of three major domains, an extracellular ligand-binding domain, a single transmembrane helix and a C-terminal domain [42] , has to form constitutive multimers within the cytoplasmic membrane to become engaged and activate downstream signalling [43, 44] . In accordance, nuclear expression of RAGE in NAWM may represent a ubiquitous expression of RAGE under a nonactive form. Conversely, microglial and macrophage RAGE expression was enhanced in active lesions as well as in the rim of chronic active lesions, and its expression was within cell soma and processes suggesting RAGE assembly to the membrane allowing its subsequent engagement by S100B. S100B action through RAGE, a multiligand receptor, usually involves pro-inflammatory responses by activation of nuclear factor-kB, including the expression of cytokines [45] and recruitment of astrocytes [46] and microglia [47, 48] to the damaged site.
Using LPC-induced demyelination of cerebellar organotypic slice cultures, we observed that a demyelinating insult elicits a marked astrocytic upregulation and secretion of S100B indicating that astrocytes are the major producers of S100B in the course of demyelination. In agreement with this, recent studies in ex vivo rat cerebellar slice cultures have shown an increase in astrocyte population 2 DIV after a demyelination insult with LPC [25] . The minor co-localization with oligodendrocytes suggests that these cells are able to produce small amounts of S100B when exposed to a toxic stimulus, as previously described for an oligodendrocyte cell line, the OL-93, under serum and glucose deprivation conditions [49] . Most striking, we observed that sequestering excessive release of S100B significantly reduced LPC-mediated myelin loss, indicating that during demyelination the released S100B is promoting either directly or indirectly demyelination or delayed remyelination. It is known that high S100B triggers microglial and astrocyte activation promoting the release of nitric oxide (NO) and TNF-α [12] , which are deleterious for oligodendrocytes [50] and may exacerbate demyelination. Curiously, our ongoing studies on the role of S100B on oligodendrocyte differentiation using primary cultures demonstrated that high S100B, at the micromolar range, affects oligodendrocyte precursor cell differentiation and maturation into myelinating oligodendrocytes, while low physiological S100B levels slightly enhance oligodendrocyte maturation. These results suggest that during remyelination S100B high levels may directly affect this process possibly delaying de novo myelin formation. It deserves to be noted that expression of S100B by oligodendrocyte precursor cells is needed for a proper differentiation into myelinating oligodendrocytes [51] , so by neutralizing the excessive S100B in the inflammatory milieu using a directed antibody, we are only acting extracellularly preventing S100B toxic effects. Conversely, a complete and non-targeted blockade of S100B expression using silencing or knock-down techniques may prove to be a deleterious approach affecting remyelination and damage recovery.
Reactive gliosis is a common pathological feature of MS pathology [52] . Our results show an increase of astrocytic activation upon LPC treatment evidenced by reduction of cell extension length and inflated cell body. This LPC-induced activation of astrocytes was shown to be diminished in the presence of anti-S100B. Reactive astrocytes, which are implicated in formation of the glial scar, are characterized by profound morphological and genetic changes [27] . Astrocyte activation has been observed during LPC-induced demyelination [25] , and here, we show that astrocytes abundantly secrete S100B when exposed to the demyelinating agent. Moreover, excess of extracellular S100B levels may induce autocrine astrocytic activation that turns astrocytes into a proinflammatory and neurodegenerative phenotype [53] . In this situation, astrocytes secrete pro-inflammatory factors, which are known inhibitors of oligodendrocyte precursor cell proliferation and maturation, following demyelination in MS [54] . Thus, the apparent absence of astrocytosis under demyelinating conditions in the presence of anti-S100B is a potential indication that high levels of S100B might be favouring demyelination. Moreover, astrocytes are involved in the production of growth factors and chemokines that promote oligodendrocyte precursor cell activation and differentiation [55] .
Therefore, dampening astrocyte activation by S100B antibody treatment may also boost remyelination.
Microglial activation contributes to a pro-inflammatory environment by the secretion of pro-inflammatory factors, potentiating demyelination, a feature that has also been described in ex vivo models as a consequence of demyelination [25, 56] . Accordingly, our results reveal an increase in microglial proliferation and activation in the course of demyelinating insult which corroborates the increase of RAGE-expressing microglia/macrophages observed in lesion specimens. In addition, in parallel to increased S100B, we observed a marked release of first-line cytokines TNF-α and IL-1β upon demyelination, which corroborates previous studies showing that high S100B concentrations induce microglial secretion of pro-inflammatory cytokines [4, 35] . On the other hand, our results show that neutralization of S100B does not change microglia number in the slice but prevents TNF-α and IL-1β induction, as well as IL-6 inhibition following LPC treatment. Since these cytokines are mainly expressed by activated microglia, their inhibition following S100B neutralization corroborates microglial shift from a pro-inflammatory phenotype to a more neuroprotective one. Indeed, microglia have an important role in remyelination by clearing myelin debris [57, 58] and switching from a cytotoxic to protector phenotype at remyelination initiation [59] . Moreover, once extracellular S100B is known to inhibit microglial activation at low concentrations [4, 35] , it is possible that S100B neutralization can prevent microglial pro-inflammatory activation upon demyelination, a finding beyond the scope of this manuscript.
Several lines of evidence suggest the involvement of NLRP3 inflammasome on MS development. Indeed, not only IL-1β [60] but also HMGB1 [61] and IL-18 [62] were found to be upregulated either in the serum, CSF or active lesions of MS patients or in rodent experimental autoimmune encephalomyelitis (EAE) lesions and associated with disease progression [63, 64] . Also, NLRP3 has been associated with MS progression and it was recently reported that Nlrp3 KO mice are resistant to EAE [65] . Our ex vivo demyelinating model shows increased expression of HMGB1, IL-1β and IL-18, thus corroborating such findings. Most attractively, the marked inhibition of inflammasome-related molecules by neutralization of S100B shows for the first time the involvement of S100B in NLRP3 inflammasome induction upon demyelination. Curiously, NLRP3 expression [66] , as well as RAGE activation [67] , was recently associated with chemotactic immune cell migration to the CNS in EAE, a hallmark of disease progression and damage exacerbation. So, our findings also suggest that S100B either alone or through NLRP3 inflammasome induction may be promoting CNS immune cell invasion during demyelination, which may be potentially attenuated by S100B therapeutic neutralization as tested here.
Taking into account the beneficial outcome of S100B inhibition in our ex vivo demyelinating model, it seems that this protein may be considered a potential therapeutic target to reduce damage during MS course. S100B targeting has already been tested in other disease models with promising results. In fact, pentamidine, a S100B inhibitor, reduces S100B and RAGE expression in an animal model of Alzheimer's disease, with consequent reduction of pro-inflammatory milieu in the hippocampus [68] . Other potential therapeutic strategies may be the use of specific RAGE antibodies to prevent S100B binding, small molecules or anti-S100B aptamers [69, 70] . In an indirect manner, also, induction of immune tolerance, as described for the anterior-chamber-associated immune deviation (ACAID) method [71] , by preventing myelin destruction, could avoid astrocyte activation and consequent S100B release.
Taken together, the high production of S100B at the time of diagnosis of RRMS and its presence in active and chronic active MS lesions suggest its interest as a potential new biomarker for MS diagnosis. Moreover, based on the beneficial outcome of its inhibition in an ex vivo demyelinating model, S100B may also be considered a potential therapeutic target to reduce damage during the course of MS.
